Abstract-We experimentally demonstrate a novel all-optical all-fiberized pulse retiming scheme incorporating parabolic pulses generated in a linear fashion through pulse shaping in a superstructured fiber Bragg grating. The scheme relies on chirping the signal to be retimed using cross-phase modulation with the broader parabolic clock pulses, and subsequently retiming it through linear propagation in a dispersive medium. We demonstrate the cancellation of up to 4-ps root-mean-square timing jitter for 2-ps data.
I. INTRODUCTION
A LL-OPTICAL signal regeneration is likely to become an essential function within future high-speed optical communication systems. Signal regeneration in general encompasses the elimination of both amplitude noise and timing jitter. A common approach to the treatment of timing jitter is to map the temporal misplacement associated with a given bit from the nominal bit slot center onto a linear frequency chirp. The frequency-chirped bits can then be retimed by propagating them in a length of optical fiber, or by reflection from a fiber Bragg grating, with suitably matched dispersion. This time-frequency mapping has previously been achieved either by using a phase modulator synchronously driven at the data repetition rate [1] , or by optically switching the data pulses with synchronous, linearly chirped pulses with a rectangular temporal profile [2] . The speed of the first scheme is limited by the electrical bandwidth of the modulator/drive electronics, although these speed restrictions can be alleviated using an ultrafast all-optical phase modulation technique as we will describe herein. The second scheme has the disadvantage of acute environmental sensitivity due to the interferometric nature of the nonlinear optical loop mirror used for switching.
In this letter, we present a proof-of-principle experiment, which demonstrates a technique for drastically reducing the timing jitter induced in short pulse transmission systems. Our scheme is based on the well-known frequency shifting effect of cross-phase modulation (XPM) in a highly nonlinear fiber (HNLF) [3] , [4] , which can be mathematically described by (1) where is the XPM frequency shift induced on the signal, and are the nonlinear coefficient and effective length of the fiber, respectively, is the control pulse peak power, is the normalized slow varying amplitude of the control pulse envelope, and is the initial relative time delay between the signal and the control pulses. Here, we assume that the dispersive walkoff between the signal and control pulses is negligible and that the control pulse maintains its temporal intensity profile while propagating along the HNLF. These conditions can easily be met with state-of-the-art HNLFs. For example, in the experiment we describe below, the control/signal pulse walkoff is less than 0.1 ps, and the control pulses experience a small normal dispersion which minimizes any temporal pulse distortion arising from the high power levels. Equation (1) shows that signal pulses which overlap with the leading (trailing) edge of the control pulses experience a red (blue) frequency shift in their spectrum. By contrast, signal pulses aligned to the peak of the pump pulses are chirp-free, since the time derivative of the control signal is zero at this point. The group velocity of the individual XPM modulated data bits after the HNLF will depend on the amount of induced frequency shift. One can then use this group velocity variation between mistimed pulses in order to cancel the initial temporal misalignment on a bit-by-bit basis, e.g., by propagating the XPM signal through an appropriate length of single-mode fiber (SMF). To obtain a linear relation between and , the intensity envelope of the control pulses should have a parabolic shape (and be broader in duration than signal pulses). If conventional pulse forms (e.g., Gaussian or soliton pulses) are to be used instead, then the XPM-induced chirp would be linear across a much smaller region (less than half the full-width at half-maximum (FWHM) of the data pulse), as we clearly demonstrate later on in this letter.
We generate unchirped parabolic control pulses in our system in a passive, linear, and highly stable manner using pulse shaping in a superstructured fiber Bragg grating (SSFBG).
The SSFBG applies precise spectral filtering to the amplitude and phase of short laser pulses, such that upon reflection the spectrum of the signal acquires the complex spectral envelope corresponding to the required parabolic pulse form [5] . We demonstrate this retiming technique at 10 Gb/s; however, since it is all-optical and relies on the ultrafast Kerr effect in optical fibers, it should readily be scalable to repetition rates exceeding 320 Gb/s.
II. EXPERIMENTAL SETUP
The experimental setup and principle of the retiming scheme presented here are shown in Fig. 1 . A mode-locked erbium fiber ring laser (EFRL) operating at 1542 nm was used to generate 2-ps soliton pulses at a repetition rate of 10 GHz. These pulses were used as the input to the parabolic pulse shaper formed by an SSFBG. The phase and amplitude response of the SSFBG was such as to ensure that the 2-ps solitons were shaped into pulses with a parabolic envelope (FWHM of 10 ps) apodized by a fifth-order super-Gaussian profile, which was used to smooth the pulse edges and reduce their spectral extent. The quality of the shaped pulses was assessed using both simple spectral measurements and by second-harmonic generation frequencyresolved optical gating (SHG-FROG). Fig. 2(a) compares the measured optical spectrum of the pulses reflected off the SSFBG to the theoretically calculated spectrum of a single parabolic pulse. As can be seen, we can accommodate 11 spectral lobes within the shaped pulse bandwidth with a profile that is in good agreement with the required spectral form. Reasonable agreement between the retrieved spectrum and the direct spectral measurement is also achieved over the limited dynamic range of our SHG-FROG system ( 15 dB). Fig. 2(b) shows the temporal profile of the shaped pulses as characterized by the SHG-FROG and the calculated time derivative of the intensity profile, which is shown to be linear across the central 10-ps region of the pulse. The data source, operating at 1556 nm, was a gain-switched distributed feedback (GS-DFB) laser, synchronized to the EFRL. We could artificially introduce timing jitter to the data pulses by frequency modulating the 10-GHz radio-frequency drive signal to the laser with a 4-kHz tone. The amount of induced timing jitter could be varied by adjusting the amplitude of the frequency modulation [6] . The pulses of the GS-DFB were compressed down to 2 ps and then modulated by a pseudorandom bit sequence (PRBS) using a lithium niobate modulator and fed into 220 m of an HNLF via the 10% port of a 90-10 coupler. The HNLF has a zero-dispersion wavelength at 1550 nm and a nonlinear coefficient of 20 W km . The parabolic pulses were amplified and coupled to the HNLF via the 90% port of the coupler, and served as the control signal for the XPM process. An optical delay line was used to temporally overlap the two signals. The average power of the control signal was 21 dBm and the power of the data signal was kept quite low to avoid self-phase modulation which might otherwise induce additional chirp on the data pulses. The data signal then passed through a 5-nm-wide optical filter which filtered out the control without affecting the data spectrum, and was launched into an appropriate length of SMF (500 m) which removed the chirp and retimed the pulses.
III. SYSTEM RESULTS
In order to test the linearity of our XPM chirping scheme, we first measured the shift of the central wavelength of the data signal as a function of their temporal misplacent relative to the center of the parabolic pulses. The inset of Fig. 3(a) shows some experimentally obtained examples of spectral traces of the data signal, showing a blue-shifted , unshifted , and a red-shifted spectrum , respectively. The XPM-induced wavelength shift is found to vary linearly with the delay [ Fig. 3(a) ], closely following the trend anticipated from our design (also shown in Fig. 3) . Note that the divergence of the theoretically calculated slope from a straight line close to the edges of the control pulses is due to the superGaussian profile superimposed upon the ideal parabolic shape. We next examined the signal after the SMF without completely filtering out the control signal, so that this could be used as a temporal reference point. By adjusting the optical delay line, we measured the combined autocorrelation of the control and data signals at the output of the SMF for various values of , and from that we extracted the information on the relative mistiming of the pulses [ Fig. 3(b) ]. The measurement is in good agreement with the theoretical curve, which was obtained by considering only XPM-induced frequency shifting in the HNLF and linear propagation in the SMF. For reference, Fig. 3(b) also shows the performance of Gaussian and soliton pulses of the same FWHM as control signals highlighting the importance of the use of parabolic shape in achieving a broad retiming window ( 5-ps retiming window for parabolic pulses). It is worth noting in the examples shown in the inset of Fig. 3(b) , that because of the difference in the group velocity between the pump and data wavelengths inside the SMF, the two signals do not overlap in the case of at the output of the system. We finally evaluated the performance of our retiming system for several values of deterministic timing jitter, applied to the data pulses. We observed the eye diagrams at the input and output of the system on a digital communications analyzer (DCA), and measured the timing jitter by means of the intensity distribution histograms at the FWHM point (on the trailing edge of the pulses). These measurements are summarized in Fig. 3(c)-(d) , which demonstrates that it is possible to suppress timing jitter of as much as 4 ps (root-mean-square (rms) value) in the incoming data stream, corresponding to a peak-to-peak (p-p) value of 18.2 ps. Above this value, the probability of finding the pulse outside the retiming window increases drastically. Fig. 3(d) shows some examples of eye diagrams at the input and output of the retiming system, obtained for incoming signals with an rms timing jitter of 1.8 ps (p-p of 10.4 ps), 2.9 ps (p-p of 15.3 ps), and 3.5 ps (p-p of 16.4 ps), respectively. The jitter of the pulses at the output of the retiming system was measured to be 1 ps (rms value) for all the cases that we examined [see Fig. 3(c) ], which corresponds to the resolution limit of the DCA used for our measurements.
Note that similar to other retiming schemes that rely on the conversion of timing jitter to a wavelength shift [1] , [2] , an additional switching stage should be included at the output of the system, should it be required to further transmit the pulses. Finally, it is also worth noting that this technique is directly applicable to the simultaneous retiming of several synchronized wavelength-division-multiplexing (WDM) channels.
IV. CONCLUSION
We have experimentally demonstrated the application of SSFBG-based linear pulse shaping into a parabolic pulse for the retiming of short optical pulses. The technique relies on frequency-chirping the mistimed pulses using XPM in an HNLF pumped by parabolic clock pulses. The profile of these pulses ensures that the chirp on the switched pulses is linear over a wide range, so that it can be removed by linear propagation in an SMF. The cancellation of up to 4-ps rms timing jitter is demonstrated. The sharp tails of the shaped pulses facilitate scalability of the scheme to far higher repetition rates; moreover, simultaneous retiming of several (synchronized) WDM channels is also possible.
